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Following illumination at 200 K, the charge recombination reactions and the origin of the thermoluminescence (TL) bands appearing at about 
O°C (Q band) and +5O”C (C band) in the glow curve were investigated by comparative TL and EPR measurements in DCMU-treated photosystem 
II particles. Decay half-time measurements carried out at -25’C and +25”C, respectively, suggest hat the S2 state (multi-line signal) undergoes 
charge recombination with the g = 1.9 form of the semiquinone-iron complex, QA . Fe”, resulting in the appearance of the Q band, and that the 
g = 1.82 form of QA. Fe2’ back-reacts with the oxidized tyrosine, Yi (Signal II,), accounting for the generation of the C band. 
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1. INTRODUCTION 
Thermoluminescence (TL) originates from recombi- 
nation of positive and negative charges separated in the 
photosynthetic light energy conversion process and sub- 
sequently stored on different components of the elec- 
tron transport chain of photosystem II (PS II). Corre- 
sponding to the various interactions between the posi- 
tively charged donors and negatively charged acceptors, 
several TL bands can be observed in the TL glow curve 
[l-3]. 
In the presence of DCMU, an inhibitor of electron 
transport between the primary (Qk) and secondary qui- 
none electron acceptor (QB), illumination of PS II parti- 
cles results in the transfer of an electron from the water- 
splitting system to QA. Back-reaction of the reduced QA 
with the donor side of PS II leads to the appearance of 
two main TL bands in the glow curve between 0 and 
10°C and at about 50°C [4-61. These bands are desig- 
nated as Q and C bands, respectively. The Q band has 
been suggested to originate from charge recombination 
of the SIQA redox couple [4,5]. The C band has been 
attributed to charge recombination of QA with an un- 
specified donor, D+ [6] or with Y& [l]. The pH depend- 
ence of the Q and C bands exhibits complementary 
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donor in PS II; Chl, chlorophyl. 
behaviour [7,8]. By lowering the pH the Q band de- 
creases with a concomitant intensification of the C 
band. 
It has been demonstrated that the QA. Fe2’ semiqui- 
none-iron complex gives rise to two EPR signals at 
g = 1.9 and g = 1.82 [9]. At higher pH the g = 1.9 form 
predominates whereas at lower pH the g = 1.82 form is 
observed [9]. The similar pH dependence of the Q and 
C TL bands and the g = 1.9 and g = 1.82 EPR forms 
raises the possibility that the Q and C bands are associ- 
ated with the g = 1.9 and g = 1.82 resonance forms of 
the semiquinone-iron complex of PS II, respectively. 
The present work was undertaken to investigate this 
possible correlation. 
2. MATERIALS AND METHODS 
Oxygen evolving PS II particles were isolated from spinach or pea 
leaves [lo] and stored at 77 K in a medium containing 0.4 M sucrose, 
15 mM NaCl, 5 mM MgC& and 20 mM MES, pH 6.0. Before TL and 
EPR measurements, amples were incubated at room temperature in 
the dark for 1 h in the presence of 50 mM sodium oxalate or 100 mM 
formate or without any addition. DCMU was added 3 min before 
freezing. TL was measured in an apparatus described in [6]. 0.4 ml 
aliquots of samples containing 100 pg chlorophyll were excited by 
white light of 10 W/m2 at 200 K for 1 min and heated at a rate of 
ZO”C/min. EPR spectra were obtained using a Bruker ER 200 D-SRC 
spectrometer interfaced to a PC and equipped with an Oxford 
ESR 900 cryostat. In the EPR measurement samples (3-6 mg Chhml) 
were illuminated at 200 K for 8 min with a projector lamp. The decay 
courses of the EPR signals were measured by subsequent warming and 
cooling the same sample to the incubation temperature and back to 
the measuring temperature. It is of note that after complete relaxation 
of the g = 1.9 and g = 1.82 signals they could be regenerated to their 
original amplitudes by a second illumination at 200 K. In the formate- 
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treated samples during the measurements of decay courses at +25’C, 
the fast-decaying components were eliminated by incubating the sam- 
ples for 1 min at 10°C. The remaining levels of signals are used as the 
0 min initial values of the decay courses. The amplitudes measured 
after excitation of samples at 200 K are considered as the 100% values 
of signals. 
3. RESULTS 
Fig. 1 shows the effects of various treatments on the 
Q and C TL bands (Fig. 1A) and on the g = 1.9 and 
g = 1.82 EPR signals (Fig. 1B). In the glow curve of 
isolated PS II particles excited at 200 K, four TL bands 
can be distinguished at about -70°C +15”C, +5O”C 
and +65”C (Fig. lA, curve a). The low temperature 
band at about -70°C (Z,) and the minor band at +65”C 
are not examined in the present work. 
The main band appearing at about 15°C in the glow 
curve of our PS II particles originates from SZQ; charge 
recombination and is designated as B band [l-3]. The 
trough at 0°C is an artifact due to a distortion of the 
band caused by the solid-liquid phase transition of 
water [l 11. The small band at about 50°C is denoted as 
C band [6]. In the semiquinone-iron region of the EPR 
spectrum three signals can be distinguished at g = 1.95, 
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Fig. 1. Effect of various treatments on the TL (A) and EPR (B) spectra 
of PS II particles. (a) No addition, pH 6.0. (b) Addition of 20pM (A) 
or 150 PM DCMU (B) at pH 6.0. (c) The same as (b), at pH 5.5. (d) 
Addition of 50 mM sodium oxalate and 20pM (A) or 150pM DCMU 
(B) at pH 6.0. Dashed line shows the spectrum recorded in the dark 
prior to illumination. EPR conditions: temperature, 4.4 K; microwave 
frequency, 9.42 GHz; microwave power, 31 mW, modulation ampli- 
tude, 16 G. Spectra shown are averages of 9 scans between 340 and 
390 mT. 
g = 1.9 and a small signal at g = 1.82 (Fig. lB, curve a). 
Wile the g = 1.95 signal was found to decay quickly 
even at 200 K, the g = 1.9 signal did not show any decay 
at this temperature. Therefore, the g = 1.95 signal ob- 
served in the present work does not seem to correlate 
with the g = 1.95 feature which has been assigned to an 
excited state of the g = 1.9 conformation [12]. Due to its 
decay at the temperature of illumination (200 K) we 
have not investigated the g = 1.95 signal further. The 
g = 1.9 and g = 1.82 signals represent two alternative 
conformations of the semiquinone-iron complex [9]. 
Following DCMU addition the B band, as in whole 
chloroplasts [5], was replaced by the Q band peaking at 
about O’C and the amplitude of the C band increased 
(Fig. 1 A, curve b). DCMU addition also increased the 
amplitude of the g = 1.82 signal of Q, * Fe2+ (Fig. lB, 
curve b) in agreement with [13]. Even a small decrease 
in the pH of the medium from pH 6.0 to 5.5 approxi- 
mately doubled the C band (Fig. lA, curve c) and the 
g = 1.82 signal (Fig. lB, curve c). Addition of a carbox- 
ylate anion, oxalate, which is known to increase the 
g = 1.82 signal in the absence of DCMU [14], in the 
presence of DCMU gave rise to a large enhancement of 
both the C band (Fig. lA, curve d) and the g = 1.82 
signal (Fig. lB, curve d). 
The relationship between the Q and C bands and the 
g = 1.9 and g = 1.82 resonance forms was further inves- 
tigated by comparing the dark decay half-times of the 
Q and C bands and of the g = 1.9 and g = 1.82 EPR 
signals at -25°C and +25”C (Figs. 2 and 3). The incu- 
bation temperatures, for the investigation of the dark 
relaxation of the excited PS II samples, were chosen at 
the rising sides of the Q and C bands in order to produce 
relatively long decay times [6,1 l] (see Fig. lA, curve b). 
Fig. 2 shows the decay of the Q and C bands as well 
as that of the g = 1.9, g = 1.82 and S2 multi-line [15] 
signals at -25°C. The Q band (TV = 5 min; Fig. 2A), the 
g = 1.9 signal (tX = 4 min; Fig. 2B, solid line) and the 
multi-line signal (tX = 5 min; Fig. 2B, dashed line) 
decay with similar half-times. Surprisingly, the g = 1.82 
signal exhibits a biphasic decay at -25°C (Fig. 2B). 
Approximately 40% of it decays within 1 min. The fast- 
decaying portion of the signal indicates that almost half 
of the g = 1.82 form relaxes below -25°C and can not 
be associated with the slowly decaying Q or C TL bands 
(Fig. 2). Therefore, this phase has not been investigated 
in the present work. It probably participates in the gen- 
eration of a low temperature TL band. Possible candi- 
dates are the Z, band at about -65°C [l-3] or other 
hidden bands of very low intensity peaking in the glow 
curve at -55 and -35°C [16]. The slowly decaying phase 
of the g = 1.82 signal, like the C TL band, is stable at 
-25°C and hardly shows any decay during the 12 min 
period (Fig. 2). 
The comparable decay kinetics measured after incu- 
bation at samples at +25”C were accelerated, resulting 
in a complete decay within 1 min of the S2 multi-line and 
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the g = 1.9 signals, as well as the Q TL band {not 
shown). The g = 3.08 signal of cytochrome b,, did not 
exhibit any decay during the measuring period (not 
shown). The g = 1.82 signal decays with a half-time of 
about 7 min (Fig. 3B), a value which matches the 6 min 
decay half-time of the C band fairly well (Fig. 3A). The 
decay of the g = 1.82 signal is not accompanied by a 
similar decay of Signal II, (Fig. 3B). However, increas- 
ing the ~plitude of the g = 1.82 form by formate treat- 
ment [ 17j resulted in a fast decay of a large part of Signal 
II, almost in parallel with that of the g = 1.82 signal 
(Fig. 3C). In the presence of formate the half-time of the 
g = 1.82 form (tX =;5 13 min) and that of Signal II, 
(‘X = 16 mm) are somewhat longer than that of the g = 
1.82 form in the untreated sample (tX = 7 mm). The 
decay kinetics of the C band in formate-treated samples 
are not presented in Fig. 3 because, as has been reported 
[18], formate quenches the TL emission and dampens 
the amplitude of the Q and C bands. Formate treatment 
(100 mM) decreased the amplitude of the S2 multi-line 
signal to 4~70% of that observed in the ~treated 
PS II particles. At -25“C its decay kinetics (not shown) 
were somewhat slower than in the untreated sample in 
Fig. 2B. At +25” the S, multi-line signal decayed within 
1 min. It is of note that incubation of the formate- 
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Fig. 2. Dark decay of the amplitude of the Q (A) and C (0) TL bands 
(A) and the S, multiline (A), g = 1.9 (x) and g = 1.82 (0) EPR signals 
(B) in PS II particles at -25°C. All samples were treated with DCMU 
as in Fig. lb. After excitation at 200 K the samples (PH 6.0) were 
incubated in darkness at -25’C for the times indicated before meas- 
urements. EPR settings for the Qi. Fe” and multi-line signals are as 
in Fig. 1 except that the measuring temperature of the S, multi-line 
signal was 10 K. 
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Fig. 3. Dark decay of the amplitude of the C (A) TL band (A) and that 
of the g = 1.82 signal (x) and Signal II, (0) (B and C) at +25”C. A and 
B are the decays in untreated PS II particles, C in 100 mM formate- 
treated samples. All samples were treated with DCMU as in Fig. lb. 
The samples (pH 6.0) were excited at 200 K, thawed and incubated 
in darkness at 10°C for 1 min and afterwards at +25”C for the times 
indicated. EPR settings for the g = 1.82 signal are as in Fig. 1; for 
Signal II,; temperature, 13 K; microwave frequency, 9.42 GHz, micro- 
wave power, 200 nW; modulation amplitude, 4 G. 
treated or untreated PS II samples at +lO’C for 1 min 
also resulted in an almost complete disappearance of the 
S2 multi-line signal (not shown). 
4. DISCUSSION 
The aim of the present comparative TL and EPR 
study was to investigate the charge recombination in 
PS II particles in the presence of DCMU and to deter- 
mine the origin of the Q and C bands. 
The Q TL band was abolished at -25’C with a decay 
half-time of about 5 min. The positively charged S, state 
of the water-splitting system, which is represented by 
the multi-line signal, and the g = 1.9 form of the semi- 
quinone-iron complex exhibited very similar decay 
half-times of 5 and 4 min, respectively. No other elec- 
tron transport component was found to decay within 
the same time range. It has been reported that the 
g = 4.1 EPR signal of the S, state [19,20] and the Chl” 
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free radical [21] decay rapidly at lower temperatures. 
Contrary to this, the g = 3.08 signal of oxidized cyto- 
chrome bss9 did not display any decay during the meas- 
uring period of 16 min. Consequently, we suggest hat 
it is the SZ state, represented by the multi-line signal, 
which undergoes charge recombination with the g = 1.9 
form of the semiquinone-iron complex, resulting in the 
generation of the Q TL band. 
The reported decay half-times of the SZ state [22] are 
longer than the value obtained in our measurements. 
However, these half-times were measured in the absence 
of DCMU, when the S, state recombines with QB in- 
stead of QA. It should be noted that in addition to the 
charge recombination with QA and QB, another possible 
decay route of the S2 state involves a direct reduction 
by Y, [23,24]. However, this reaction is slower (tX = 
10-20 s at room temperature), especially at low pH, 
than the S,Q, back-reaction (fX = l-3 s at room temper- 
ature [1,5]). 
The enhancement of the amplitude of both the C 
band and the g = 1.82 signal by DCMU, oxalate or low 
pH treatment supports our hypothesis that these signals 
are associated with each other. A relationship between 
the two signals is further corroborated by the measure- 
ments of decay half-times. At +25”C the decay half-time 
of the slowly decaying phase of the g = 1.82 signal 
(tX = 7 min) and that of the C band are almost the same 
(tX = 6min). Therefore, we suggest that the C band can be 
assigned to the g = 1.82 form of the Q, * Fe” semiqui- 
none-iron complex. 
The question arises as to the positively charged coun- 
terpart undergoing charge recombination with the 
slowly decaying phase of the g = 1.82 form. The S2 state 
can be excluded because it interacts with the g = 1.9 
form (see above) and its decay kinetics are faster (see 
also [25]) than that of the g = 1.82 form of QA. Fe’+. 
Moreover, the C TL band can be generated in manga- 
nese-free particles, as well, as in which the S, state is not 
functional [1,6,7]. We can assume that after 1 h dark 
incubation of our PS II samples, about 75% of the 
centers are in the S, state and 25% in the So state. 
Illumination of the dark-adated samples at 200 K in the 
presence of DCMU induces only the S, + S, and 
So + S, transitions of the water-splitting system. Conse- 
quently, in Fig. 2 the S, multi-line signal represents a 
dominating fraction of the centers which undergoes 
charge recombination with the g = 1.9 form and decays 
with the characteristic half-time of the Q band. In the 
S, state the water-splitting system has no net positive 
charge. In this smaller fraction of the PS II centers QA 
can enter into a charge recombination reaction only 
with an unidentified oxidized donor (D’) generating the 
C TL band [6]. Thus, following illumination of the dark- 
adapted PS II samples at 200 K, the C band originates 
mainly from centers in the state S,-D’-Qi (g = 1.82) 
that came from centers that were in the So state before 
illumination. An additional part of the C band can 
probably originate from centers possessing an inactive 
water-splitting system. 
The most likely candidates as positively charged do- 
nors participating in the generation of the C band are 
cytochrome bss9 and Signal II, [l]. However, at +25”C 
no decay of the g = 3.08 EPR signal of oxidized cyto- 
chrome could be observed during our measuring time 
of 16 min, eliminating the participation of cytochrome 
b559 in the generation of the C band. Surprisingly, in 
untreated PS II particles the decay of the g = 1.82 signal 
was not accompanied by a significant decay of Signal 
II, either. We assumed that although Signal II, (YG) 
undergoes charge recombination with the g = 1.82 
form, as suggested in [l], the available small pool size 
of the g = 1.82 form is not enough to induce an appar- 
ent decay of YG which possesses a much larger pool. It 
has been demonstrated that formate, which replaces 
bicarbonate at the non-heme iron, gives rise to a lo-fold 
increase in the amplitude of the g = 1.82 signal [17]. We 
expected that in the presence of formate a larger pool 
of the g = 1.82 form of the semiquinone-iron complex 
would result in the decay of a larger part of Signal II,. 
Indeed, in formate-treated samples a large part of Sig- 
nal II, decayed almost in parallel with the g = 1.82 sig- 
nal (Fig. 3C). The longer decay half-times of the 
g = 1.82 signal and of Signal II, in formate-treated sam- 
ple (tx = 13 min and 16 min, respectively) than that of 
the g = 1.82 form measured in the absence of formate 
(1% = 7 min) might be attributed to a formate-induced 
change in the non-heme iron environment. Moreover, 
the half-time of Signal II, may be a little over-estimated 
due to the contribution of a small slowly decaying com- 
ponent [23,24]. 
On the basis of the simultaneous decays and the sim- 
ilar half-times of Signal II, and the g = 1.82 signal in 
for-mate-treated particles, we suggest hat YA is the re- 
combining partner of the g = 1.82 form of the semi- 
quinone-iron complex in the generation of the C band. 
The observation that the dark decay of Signal II, de- 
pends on the pool size of the g = 1.82 signal indicates 
that the redox state of the QA . Fe2’ complex can affect 
the dark equilibrium at the donor side of PS II (e.g. 
amplitude of Signal II,). Interestingly, the recombina- 
tion half-time of YG with QA (g = 1.82) proved to be 
similar to that of the reduction of Y& by the S, state 
(tX = l&40 min [23,24]). 
Corresponding to the higher peak temperature of the 
C band relative to that of the Q band, the redox span 
of the redox pair responsible for the C band is larger by 
about 150 mV than that of the redox couple assigned 
to the Q band [8]. This means a difference in the E, 
values of either the donors or acceptors participating in 
the generation of the Q and C bands. If we accept that 
the redox potential of the g = 1.9 and g = 1.82 forms are 
almost the same [26], then the redox potential of the 
donor responsible for the C band should be less positive 
by about 150 mV than that of the multi-line form of the 
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S2 state. The 170-180 mV redox potential difference 
estimated between the Yar, and S2/S1 couples [24] 
agrees well with that of the redox spans associated with 
the Q and C TL bands. Consequently, Ya,, satisfies 
the requirement for the E, of the donor which can 
account for the C band. 
However, as a second alternative, it can not be ex- 
cluded at present that the E,,, of the g = 1.82 form is 
more positive in comparison with that of the g = 1.9 
form [27]. This would imply that the redox potentials of 
the donors (S, and Yn) responsible for the Q and C 
bands respectively, should be approximately the same. 
To select between the two alternatives (see also [8]) the 
determination of the exact Em values of the g = 1.9 and 
g = 1.82 forms as well as that of Signal II, is required. 
The assignment of the g = 1.9 and g = 1.82 EPR 
forms to the Q and C bands provides a means of inves- 
tigating the semiquinone-iron complex. The considera- 
bly larger amplitude of the Q band in comparison with 
that of the C band in isolated chloroplasts and in alga 
cells [l-3] provides evidence that the g = 1.9 form is the 
native form of the semiquinone-iron complex, as previ- 
ously suggested [9]. Interestingly, a small C band of 
variable amplitude is always present in the glow curve 
of chloroplasts and alga cells. Several factors which are 
influencing the rate of electron transport (low pH, bi- 
carbonate depletion etc.) result in a conversion of the 
g = 1.9 form and the Q band into the g = 1.82 form and 
the C band, respectively [8,9,17,28]. It would be interest- 
ing to examine the role of the two forms of the semi- 
quinone-iron complex in regulating the rate of in vivo 
electron transport. 
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Note added in proof 
At the completion of this work the authors were informed of a study by Johnson, G.N., Boussac, A. and Rutherford, A.W. (Biochim. Biophys. 
Acta, in press) on the origin of TL hands in the region of 40-50°C. There is agreement with the identification of YA as the donor to the C band 
but Johnson et al. do not discriminate between the two conformations of the QA. Fe’+ state. 
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